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FOREWORD

This report was prepared from optical observations
secured by North American Rockwell Corporation, Space
Divisioni under contracts AF 05(603)-25439 AF 05(603)-28959
F05603-67-C-01459 F05603-67-C-03039 and F05603-69-C-OO0l.
It constitutes partial fulfillment of the optical
observation effort required under contract F05603-69-C-OO0l.
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ABSTRACT

'For the past ten years teams of the Western Satellite
Research Network have undertaken an extensive proqram aimed
at compilinq and classifying satellite optical characteristics.
In this the second optical characteristics cataloq 7900
observations of the optical characteristics of 574 satellites
are compiled, reduced-and presented i', +2ular form. A
detailed discussion of briqhtness data is included. This
comprehensive summary of optical appearance data is a valuable
aid for the identification ef the nature or condition of
satellites. For example, observations of spin rate increase
have indicated leaks or ruptures in'some orbitinq vehicles'
pressurized systems. Also, by notinq such characteristics
as flash pattern and maqnitudt variation, one may determine
the qeneral nature of a satellite's surface and orientation.
Further reduction of these observations is intended in order
to fully utilize existing data. (
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I. INTRODUCTION

In an initial "Satellite Optical Characteristics Study" (Reference 1)
and in Reference 2 it was shown that there is good aqreement between the
expected and the observed appearance of satellites. The equations were given
which describe the spin rate decay and the brightness of satellites of
'arious shapes. In Reference I over 11,000 observations of 365 different
satellites were listed. Those observations were made by the teams of the
Western Satellite Research Network prior to the middle of 1965. This report
contains sore new findings concerning the brightness of satellites and lists
the observ? ions made by the WSRN teams since the last report.

The 7900 observations of 574 satellites in this report are listed in
the order of their Space Defense Center (SDC) numbers. The observations for
each satellite are arranged chronologically. All available observations
(including those in the earlier report) have been listed for those satellites
with SDC numbers greater than 1000. In addition, complete listings of
observations have been included for a few of the older objects of special
interest such as manned launches.

To the quantities tabulated in the earlier report, four more have been
added, The Modified Julian Day (M,ID) is often more convenient than the
calendar date (MJD 36933 is January 0, 1960). The absolute magnitude
presented here is the observed magnitude corrected to a standard slant range
of 1000 statute miles (those who prefer 1000 kilometers as the standard may
subtract 1.03 magnitudes). The phase angle is the angle between the observer
and the sun as seen from the satellite. New, quarter, and full moons
correspond to phase angles of 180, 90, and 00 respectiveiy.

The reader wishing to utilize these observations should give attention
to the comments column. The pattern of variation for some of the satellites
is wonderfully complex and the observer's comments may often be useful. For
example, the period of variation is usually half that of the "true" tumble
period, but instances of one, three, four, and even more maxima per true
tumble are not unknown. See for example SDC numbers 751, 1716, and 2501
during March 1968. Cases are also known where a longer period modulates a
shorter tumble period (for example, 751, 832, and 3226). This phenomenon may
be due to precessions or ,tutations of the spin axis.

Particular thanks must be given to the members of the WSRN teams who have
donated a considerable amount of time to this project. Without their unsel-
fish efforts preparation of this report would not have been possible. The
contributions of the following individuals are particularly noteworthy:

-I-
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Michael McCants Austin, Texas
Greqory Roberts Durban, South Africa
Paul Maley Edinburq and San Antonio, Texas
Dr. U. Guntzel-Lingner Heidelberq, West Germany
Georqe Gruskos Oceanport, New Jersey
Richard Reynolds Phoenix, Arizona
David Brierley Poynton, Enqland
Horst Kohnke Stade/Elbe, West Germany
Frank Kelly St. Petersburq, Florida
Alan Stephenson Townsville, Australia

(and his team)
Jim Williams Van Nuys, California
Donald Charles Walnut Creek, California
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2. BRIGHTNESS DATA ANALYSIS

A quick summary of the enuations in References 1 and 2 will be given
along with some new results.

The apparent mannitude M of a satellite with cross sectional area A.
reflectivity Y, slant range R, and phase annle * can be written as

(1) M r -26.50 - 2.5 log (A Y F(0)) + 5.0 log R.

The units of A and R2 must be the same. F(0) will be called the brightness
function. It is a function of the phase angle and the orientation of the
body (if not spherical). The brightness function for diffusely reflecting
bodies is based on the Lambert law of reflection.

For a specularly reflecting sphere

(2 ) F(* ) - -
4ff

while for a diffuse sphere

.2

(3) coso sino].

For the diffuse circular cylinder a spherical coordinate system is used
which is centered on the satellite. The axis of the cylinder points to the
poles of the coordinate system. The 01 and 02 are the "latitudes" of the sun
and the observer and e is the difference in their "longitudes". The brightness
function is

(4) coso1 cos0 2

(4) ---- [(e) cose + sine].

It is understood that the area A in Equation (1) now is the area of the
cylinder as seen from the side (diameter x length). The coordinates *l o2,
and e depend upon the orientation of the cylinder but are related to the
phase angle by

(5) coso - sino, sin 2 + cosu I COS 2 COSe.

-3-
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The orientation of the satellite is rarely known but the extrema of Equation
(4) subject to the constraint of Equation (5) are calculable. For the
brightest possible maxima of a tumblinq cylinder (for all possible orientations)

(6) ) -c s C e(/2 •
4

The faintest possible maxima and the briqhtest minima (for a cylinder without
ends) have the value

(7) F(U) L [(w-f) cosf + sinl].4?r

This latter equation also represents the brightness of the tumbling cylinder
whose spin axis is oriented so that the variation is imperceptible. The
faintest possible minima for an endless cylinder is

(8) -(s) - o.

A procedure for determininq the orientation of the spin axis of a tumblinq
cylinder is qiven in Reference 3.

The specular cylinder qives off bright flashes with nothing in between.
Using the same coordinate system as for the diffuse cylinder the brightness
function is given by

(9) ) cos(e/2) a(t)

4 A

where A is the annular thickness (in radians) of the reflected fan of liqht.
For a satellite with an "optical" quality finish A equals the diameter of
the sun (.0093 radians), but normally it is much larger due to scratches and
undulations of the cylinder surface. a(t) is the time dependent variation
in the briohtness during the flash. It is due to the shape of the sun and
could also include the effects which broaden A. The value of ait) is 0
outside of the flash and averaqes 1 during the flash. If A is much larqer
than the sun's diameter then a(t) may be approximated as 1 during the flash.
For the optical nuality cylinder

(10) = t ( o/ , durinp flash (0 c < to)

0 , otherwise (t > to)

-4-
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where to is the flash lenqth and t the time since the start of the flash.

The qeometrical situation for the flashinq, specular cylinder is of
interest. The flash takes place when 1 = #2 ± A/2 and the reflected liqht
takes the form of a fan havinq the opposite "latitude" of the sun. The
shortest possible -lash is A/w (at least .003) of the distance between flashes.
Two flashes take place durinq each revolution. The briqhtest possible flash
has

(11) F() - 4 A

while the faintest flash has

(12) NO a cos(#/2) a(t)
4 A 0

For the diffuse flat plate one may aqain use spherical coordinates with
the plane of the plate lyinq in the equatorial plane of the coordinate
system. Then 01 and 02 are the latitudes of the sun and observer and

(13) ( nsin i 2  , €# and *2 same sign

( 0 , *i and *2 different sign

The equation of constraint (Eauation (5)) still holds and the maximum
possible briqhtness is

1
(14) F() - 7 cos2 (*/2).

The minimum possible briqhtness is

(15) F() - 0.

For the specular flat plate durinq the flash

4 cos( /2)
(16) F() A2

-5-
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A again stands for the anqular spread of the reflected beam and has a
minimum value of .0093 radians for an optical quality surface. Flashes
fromn flat surfaces are quite rare, but very b'i". Satellite number 2142
is an example of an object which occasionally qives off bright, specular
flashes.

Since the eye responds poorly to flashes which are shorter than about
0.1 seconds, the brightness of specular flashes is usually underestimated
by observers. The frequent use of solar cells and metallic surfaces gives
many satellites the potential for givinq off specular flashes. The subject
of specular reflections has been investigated by Liemohn in Reference 4.

With the brightness functions for the above simple geometries one can
build more complex models. For example, one can replace A Y F in Equation
(1) with A, Y, F, + A2 Y2 F2, where A, and Y, are the area and reflectivity
of spherical end caps on a cylinoer of crei A2 artu reflectivity Y2 , and o ;e
F, is Equation (3) while F2 is Equation (4). Since most surfaces reflect
both specularly and diffusely the effects of each could be summed together.

Some of the above results are summarized in Figure I which qives the
brightness functions, or their limits for the various surfaces discussed
(Equations (2), (3), (6), (7), (11), 112), and (14)). The slant ranges were
all taken as 1000 statute miles and AY was set equal to I square meter for
all except the specular cylinder for which AYa/A was taken as 1 square meter
(a very weak flash). The fact that the briqhtness of specular objects
always dominates diffusely reflecting objects is clear.

It should be noted that J. A. Pilkinqton (References 5 through 8) has
summarized brightness and spin data for a number of objects. The lists of
Kinq-Hele, nuinn, and Rees (References 9 through 13) give descriptions of
shape and size for payloads and their rocket bodies. Figure 2 combines
King -Helels data with WSRN data to indicate how size and shape change the
optical appearance of a number of typical satellites. The magnitudes are
plotted for a phase annle of 900.

-6-
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3. CONCLUSION

This report has presented a large number of unique optical observations
of earth satellites in partially reduced form. The availability of this
data immediately suqqests a number of empirical and analytical studies.
The authors intend to undertake portions of this further work and they invite
others to do the same.

-9-
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APPENDIX I

WESTERN SATELLITE RESEARCH NETWORK

OBSERVING STATION LIST
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WSRN GEODETIC WEST SAO GEOCENTRIC
'NUMBER TEAM LATITUDE LONGITUDE NUMBER .. RADIUS

I WHITTIER-D 33.9696 118.0240 8566. 3959.2549
2 AIKENS.C. 33.5683 81.7406 6023. 3959.3240
3 AKRON CANTON 41.1420 81.500 8565. 3957.7588
4 ALBUQUERQUE 35 _ .I10_6,5380 85 , .3959,9758.
5 CINCINATTI 39.1916 84.7098 50. 3958.2100
6 CHINA LAKE 35.6570 117.6630 98. 3959,2588
? DAYTON 39.8649 84.1298 8557. 3958.0239
8 PHOENIX 33.4840 112,0894 8576. 3959,5078
9 ROCHESTER 43.2470 77.6250 8564o 3957.1460
10 SACRAMENTO 38.5A90 .. 12L.?525 0517, 39580,199
II SAN ANTONIO 29.4450 98.4970 8610. 3960.1958
12 EDINBURG 26.3057 98.1725 12., 3960.7520
13 SAN JOSE 37.3800 121.8128 8567. 3958.7830
14 SPOKANE 47.6830 117.3560 8147. 3956.9700
15 VAN NUYS 34.2400 118.5910 113. 3959.2339
16 WALNUT CREEK 37o9640 122.0630 8535o.3958,3198
17 TERRE HAUTE 39.5030 87.3980 8127. 3958.0549
18 AKRON-CANTON 41.0814 81.5767 8536. 3957.7839
19 AKRON-CANTON 40.8791 81.4117 8544. 3957.8669
20 AKRON-CANTON 40.9628 81.3906 8559. 2'57.8638
21 AKRON-CANTON 40.7989 81.4086 8572. 3957.8682
22 AKRON-CANTON 4Q.7827 81.5318 8584. 3957.8494
23 AKRON-CANTON 40.9031 81.1122 8591. 3957.8728
24 AKRON-CANTON 40.9319 81o4654 53. 3957.8672
25 BRISTLE BACK 38.7110 93.6005 25. 3958.3352
26 ALBUQUERQUE 35.1110 106.5480 8579. 3959.9810
27 ALBUQUERQUE 35.0840 106.6440 41. 3959.9038
20 CHJNA LAKEo 35.6250 117.6660 8588. 3959.25.20
29 ROCHESTER 43.2110 77.7330 5050. 395791938
30 SACRAMENTO 38.6128 121.3.580 8590. 3958.1758
31 SAN ANTONIO 29.4607 98.50t3 31. 3960s2749
32 SAN DIEGO 32.7656 117.0664 32. 3959.5420
33 SAN JOSE 37.3747 121.8183 8573. 3958.4768
34 SAN JOSE 37.3239 122.0258 8609. 3958.4888
35 WALNUT CREEK 37.9640 121.9970 8556. 3958.3728
36 WALNUT CREEK 37.9150 122.0720 8586. 3958,3799
37 WALNUT CREEK 37.9580 121.9670 8553. 3958.3899
38 SAN ANTONIO 29.5284 98.2818 38. 3960.2710
39 ROCHESTFR 43.0130 78.1930 8585. 3957.3308
40 CINCINATTI 39. 1411, ____ B,.4 754 8555, -3918,.ILT99
41 TERRE HAUTE 39.2900 87.3250 8593. 3958.1069
42 SACRAMENTO 38.6286 121.3224 8616. 3958.1499
43 AKRON-CANTUN 40.9781 81.4055 8617. 3957.8572
44 MADISON 43.0055 89.4254 148. 3957.3462

- 12 -
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WSRN GEODETIC WEST SAO GEOCENTRIC
NUMBER TEAM LATITUDE. LONGITUDE NUMBER RADIUS

45 DENVER 39.6768 t04.9483 858. 3958.9448
46 ....V AN NUYS 1-4,i9QO1 .118,5690 8637. 3959.2869
47 531-G NIMITZ 35.6574 117.6394 S639. 3959.2500
48 SAN JOSE 37.3361 121.9339 48. 3958.7500
49 MILWAUKEE 42.9687 88.1484 74. 3957.3462
50 STPETERSBURG 27.7767 82.9733 8659. 3960.4629
51 STPETERSBURG 27.8560 82.7615 8631. 3960.4468
52 ADELAIQEYAUS -34.9205 221.4055 600. 3959.0242
53 CAL TECH 34.1364 118.1261 8644. 3959.3108
54 KANSAS CITY 38,9600 95.2500 36. 3958.2878
55 NEWBERG 45.3009 122.9822 55. 3956.6648
56 PENDLETON 45.6878 118.7797 56. 3956.7678
57 SAN INTONIO 79.4711 98.5392 8634. 3960.2749
58 SAN JOSE M 37.2450 122.1441 58. 3958.9268
59 SAN JOSE Z 37.2600 122.1279 59. 3958.9668
60 ALBUQUERQUE 35.1130 106.5568 60. 3959.9910
61 KANSAS-E 39.0330 94.5780 36. 3958.9019
62 PHOENIX R 33.5600 112.0500 8648. 3959.5659
63 ADELAIDE-2 -34.9647 221.3667 8597. 3959.0449
64 M.LMAUKE-8 42,9904 87.9791 198. 3957.1755
65 MILWAUKEE-C 42.9943 87.9077 8646. 3957.1863
66 WICHITA 37.7132 97.2082 8605. 3958.6299
67 STPETERSBURG 27.8133 82.7325 8604. 3960.4509
68 CLEVELAND 41.5111 81.6139 68. 3957.6289
69 MOUNT PINOS 34.8020 119. 1620 69. 3960.8999
70 SAN ANTONIO 29.4944 _ 98.5993 70. 3960.3022
71 MADISON 43.0321 89.5064 8654. 3957.3735
72 MILWAUKEE D 43.1283 87.9119 8645. 3957.2654
73 TOWNSVILLE -19.2805 213.2264 8578. 3961.0000
74 DENVER 39.M986 104.9649 8643. 3958.9734
75 DENVER 39.6378 104.980d 8651. 3958.9487
76 TOWNSVILLE -19,2575 213,2558 606, 396290000
77 VAN NUYS-F 34.0535 118.3616 8661. 3959.1790
78 DURBAN A -29.8688 ?29.0198 407. 3960.0569
79 STPETERSBURG 27.7828 82.6899 8657. 3960.4700
80 CALTECH 8 34.6953 118.1427 80. 3959.0742
81 WALNUT CREEK 37.9189 122.0728 81. 3958.3408
82 DURBAN B -29,8443- 328.9995 407. 3960.1128
83 STADE/ELBE 53.5889 350.5398 708. 3954.7100
84 ROCHESTER 43.2505 77.6378 8624. 3957.2000
85 FARNHAM 0.0 0.0 85. 0.0
86 OCEANPORT 40.3275 74.0069 8656. 3957.7839
87 HEIDELBERG 49.4300 351.2610 87. 3955.7268
88 LOUISVILLE 40.1656 105.1276 88. 3958.8279

- 13 -
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WSRN GEODETIC WEST SAO GEOCENTRIC

NUMBER TEAM LWTITUDE LONGITUDE NUMBER- RADIUS

89 BELO HORIZON -19.9289 43.9358 89. 3962.2898

90 ROCHESTER-E 42.3870 77.7190 8670. 3957.6238

91 INDIANAPOLIS 39.8550 86.0896 91. 3958.0229

92 DURBAN C -29.8?59 329.9546 92. '06.4329

93 POYNTON 53.3447 2.1139 8686. 3954.8118

94 AUSTIN 30.3140 97.8667 94. 3960.1499

95 JOHNSTON 37.8200 88.9400 95. 3958.4214

96 WALNUT CREEK 37.9768 121.9950 96. 3958.3408

97 GRANBY 42.2444 72.5508 97. 3957.3799

98 PHOENIX-B 33.5139 112.0390 8154. 3959.5098

99 LIVERMORE 37.6800 121.7300 8637. 3958.3398

iQO NOT ASSIGNED 0.0 0.0 0. 0.0

101 HANNOVER 52.3636 350.2476 8069. 3955.0142

102 CAPE TOWN -33.9340 344.7681 3959. 3959.1670

- 14 -
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APPENDIX II

WESTERN SATELLITE RESEARCH NETWORK

OPTICAL CHARACTERISTICS OBSERVATIONS
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NORTH AMERICAN AVIATION, INC. S+ SPACE and INKORMATION SYSTEM'i DIVISION

fPTICAL CHARACTERISTICS LIST
WESTERN SATELLITE RESEARCH NETWORK

LFGE;NO

ABBRFVIATIONS nEFINITIONS UNITS

UK UNITED KINGDOM
Ails AUSTRALIA
PERyOD ANflALISTIC PFRIDo MINUTES
PERIGEE PERIGEE HEIGHT STATUTE MILFS
APOGEE APOCEE HEIGHT STATUTE MILES
INCL INCLINATION DEGREES
AU ASTRnNIoiCAL UNITS ASTRCNCJMICAL UNITS
1) nAYS CAYS
MJD MODIFIED JULIAN DAY DAYS
y M n nATE nsSERVATION WAS MADE YEAR, MD)NTH, rAY
H M UNIVERSAL TIME HOUR, MINUTE
MAX MIN MAXIMUM AND MINIMUM BRIGHTNESS MAGNITUDE
AMAX AMIN ABSCtUTE MAGNITUDES MAGNITUDES
PFRIOO PERIOD OF VARIATION SECONDS
FLASH FLASH DURATION SECONDS
ALT ALTITUrDE CEGR EES
AZ A7IMUTH CEGREES
RANGF SLANT RANGE STATUTF MILES
ORS ORSERVERS INITIALS
PHt.S7 PHASE ANGLE CFGREFS
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